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Local adaptation stops where ecological gradients steepen or 
are interrupted







































distanceｫ	can	prevent	 旭oca旭	adaptation	beyond	this	 f旭at	centres	 In	contrast	 to	other	




K E Y W O R D S
eco旭ogica旭	marginsp	旭oca旭	adaptationp	niche	expansionp	patchinessp	popu旭ation	genetics
ゲ科 |科INTRODUC TION
Why	 is	 旭oca旭	 adaptation	 prevented	 in	 some	 eco旭ogica旭	 and	
genetic	 situationsp	 meaning	 that	 popu旭ations	 cannot	 track	
changing	 environmentsp	 and	 so	 have	 finite	 ranges	 in	 space	 and	
timen	Understanding	when	 and	where	 such	 旭imits	 to	 adaptation	
occur	 is	 critica旭	 for	 predicting	 speciesv	 extinction	 rates	 in	 timep	
their	 geographica旭	 distributions	 in	 spacep	 and	 the	 evo旭ution	 of	
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eco旭ogica旭	 communitiess	 Information	 on	 maximum	 rates	 of	 evo-
旭ution	a旭旭ows	estimates	 of	 where	 and	 when	 rapid	 environmenta旭	
change	 wi旭旭	cause	 the	 旭oss	 of	 species	 from	 eco旭ogica旭	 communi-




Sing旭e	popu旭ation	mode旭s	 for	 the	maximum	sustainab旭e	 rate	of	
evo旭ution	 ｪwevo旭utionary	 rescuex	 mode旭sq	 Be旭旭p	 ゴグゲザｫ	 exc旭ude	 the	
genetic	and	demographic	effects	of	dispersa旭	between	eco旭ogica旭旭y	
divergent	popu旭ationss	The	movement	of	individua旭s	and	a旭旭e旭es	be-
tween	different	 environments	has	 two	contrasting	effects	 ｪBrid旭ep	
Po旭echov史p	ｹ	Vinesp	ゴググゾq	Brid旭e	ｹ	Vinesp	ゴググゼq	Conna旭旭on	ｹ	Sgrop	





Mode旭s	 exp旭oring	 the	 effect	 of	 gene	 f旭ow	 on	 旭oca旭	 adaptation	
have	focussed	on	either	a	few	eco旭ogica旭旭y	divergent	patches	ｪoften	
with	different	 carrying	capacitiesｫp	with	varying	 旭eve旭s	of	dispersa旭	
between	them	 ｪseep	esgsp	Legrande	et	a旭sp	ゴグゲゼ	 for	a	 reviewｫq	a	se-
ries	 of	 popu旭ations	 with	 stepping､stone	 dispersa旭	 ｪesgsp	 A旭旭eaume､
Benharirap	Penp	ｹ	Roncep	ゴググズｫq	or	the	joint	effect	of	gene	f旭ow	and	
















旭ection	 increasess	Howeverp	where	 a旭旭	 popu旭ations	match	 the	 旭oca旭	
trait	 optimap	 gene	 f旭ow	has	no	effect	on	 the	mean	phenotype	 ｪa旭-
though	it	sti旭旭	affects	the	varianceｫ	because	a旭旭e旭es	arrive	and	旭eave	
a旭旭	popu旭ations	equa旭旭yp	so	that	gene	f旭ow	has	no	net	effect	on	旭oca旭	
a旭旭e旭e	 frequencies	 ｪFe旭sensteinp	 ゲゾゼズq	 Kirkpatrick	ｹ	Bartonp	 ゲゾゾゼｫs	
Howeverp	where	there	 is	a	mismatch	between	the	 旭oca旭	trait	mean	









When	 genetic	 variance	 is	 not	 a旭旭owed	 to	 evo旭ve	 as	 a	 resu旭t	 of	













By	 contrastp	 a旭旭owing	 additive	 genetic	 variance	 to	 evo旭ve	 due	




variance	 generated	 by	 dispersa旭	 reduces	 popu旭ation	 mean	 fitness	
ｪisesp	 growth	 rateｫ	 sufficient旭y	 to	 cause	 extinction	 throughout	 the	
who旭e	rangep	despite	a旭旭owing	evo旭ution	of	the	trait	mean	to	match	
the	旭oca旭	optimum	everywheres	At	this	deterministic	旭imitp	a旭though	
the	popu旭ation	has	 sufficient	 genetic	 variance	 to	 track	 the	 rapid旭y	
changing	 trait	optimap	 the	standing	 旭oad	caused	by	 this	amount	of	
genetic	variance	reduces	popu旭ation	growth	to	zero	ｪso	the	popu旭a-
tion	goes	extinct	everywhere	across	the	rangeｫs
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size on ma旭adaptation









simu旭ations	 showed	 thatr	 ｪaｫ	 旭oca旭	 adaptation	 ｪand	 niche	 expan-








Po旭echov史	 and	 Barton	 ｪゴグゲズｫ	 provided	 an	 ana旭ytica旭	 so旭ution	
for	 the	 issue	high旭ighted	by	Brid旭e	 et	 a旭s	 ｪゴグゲグｫs	 In	particu旭arp	 they	
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demonstrated	that	 旭oca旭	adaptation	is	prevented	where	popu旭ation	
density	 is	 reduced	 be旭ow	 a	 critica旭	 point	 by	 the	 旭oad	 imposed	 by	
the	genetic	variance	generated	by	gene	f旭ows	Prevention	of	adapta-
tion	was	therefore	due	to	genetic	drift	overcoming	se旭ection	rather	
than	because	of	 stochastic	popu旭ation	dynamicss	This	 critica旭	 旭imit	
is	 found	 without	 genetic	 constraints	 or	 fitness	 trade､offsp	 where	











rameter	 spacer	un旭imited	speciesv	 ranges	 ｪadaptation	everyoneｫp	or	
extinction	 ｪadaptation	nowhereｫs	This	 is	 in	marked	contrast	 to	 the	
旭imited	 ranges	 that	 are	 ubiquitous	 in	 natures	 Howeverp	 eco旭ogica旭	
gradients	in	nature	are	rare旭y	旭inearp	as	perceived	by	the	organisms	






The	 study	 of	 non旭inear	 ｪwsteepeningxｫ	 gradients	 represents	 an	
important	 旭ink	between	gradient	mode旭sp	where	gene	 f旭ow	and	 its	
effects	on	genetic	variance	are	an	emergent	property	of	popu旭ation	
demography	a旭ong	an	eco旭ogica旭	gradient	ｪesgsp	Bartonp	ゴググゲq	Brid旭e	
et	 a旭sp	 ゴグゲグq	Po旭echov史p	Marionp	ｹ	Bartonp	ゴググゾｫp	 and	patch	mod-
e旭sp	where	discrete	patches	differ	in	carrying	capacity	ｪand	therefore	
densityｫp	and	are	subject	to	fixed	probabi旭ities	of	connection	by	dis-





















mode旭	of	Brid旭e	et	a旭s	 ｪゴグゲグｫ	 to	 test	 the	effect	of	co旭onization	and	
of	different	 types	of	non旭inear	eco旭ogica旭	 gradients	on	 旭oca旭	 adap-















change	 a旭ong	 a	 旭inear	 gradient	 prevents	 extinctions	 Howeverp	 this	
f旭at	 region	 a旭so	 generates	 sma旭旭	 areas	 of	 high	 popu旭ation	 density	







ゴ科 |科THE SIMUL ATION MODEL
The	basic	mode旭	 is	 identica旭	 to	 the	 individua旭､based	simu旭ation	de-
scribed	 in	 Brid旭e	 et	 a旭s	 ｪゴグゲグｫs	 The	 evo旭utionary	 dynamics	 for	 the	
simu旭ated	popu旭ation	take	p旭ace	within	a	continuous	region	of	maxi-
mum	extent	 ザゴpグググ	┌	ゲpグググ	unitss	 There	 is	 an	 eco旭ogica旭	 gradient	










with	additive	effects	that	mutate	symmetrica旭旭y	at	rate	μ	ｪμ = 0.0001 
per	 旭ocus	 per	 generation	 un旭ess	 otherwise	 statedｫs	 For	 a旭旭	 runsp	
葦ジ	 旭oci	 were	 usedp	 with	 a旭旭e旭ic	 effect	 α	┎	ゲ	 ｪmaximum	 phenotypic	
range	┎	グ･ゲゴ芦ｫs	Popu旭ation	growth	is	旭ogisticp	dependent	on	the	旭oca旭	
density	of	individua旭s	ｪNｫ	and	旭oca旭	carrying	capacity	ｪKｫs
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For	the	co旭onizing	start	ｪinitia旭旭y	N	┎	ゼs芦ズ	individua旭sｫp	individua旭	
phenotypes	 range	 from	 zopt	┋	ゴα	 to	 zopt + 2α where zopt	 is	 the	 op-
timum	 phenotype	 at	 the	 centre	 of	 the	 range	 For	 the	 perfect	 ad-
aptation	startp	 the	popu旭ation	density	was	set	at	carrying	capacity	











spring	produced	by	each	 fema旭es	 If	no	ma旭e	 is	avai旭ab旭e	within	 the	
mating	areap	the	fema旭e	旭eaves	no	offsprings













mating	 partners	when	 a	 fema旭e	 chooses	 from	 a	 circ旭e	with	 radius	
MDp	hence	SM	┎	ｪMD｠├ゴｫs	The	expected	distance	σ	a旭ong	the	x､axis	
is	on旭y	in	one	dimensionp	hence	σ	┎	TD｠├ゴs
The	 fitness	of	both	sexes	 is	determined	by	 the	same	 functions	
The	 number	 of	 offspring	 that	 a	 fema旭e	 旭eaves	 is	 drawn	 from	 a	




gradient	and	the	旭oca旭	popu旭ation	density	re旭ative	to	K. The maximum 











Note	 that	when	drift	 and	 the	effects	of	 the	margins	are	neg旭i-

















by	 Kawata	 ｪゴググゴｫ	 and	 is	 avai旭ab旭e	 on	 request	 from	 the	 authorss	













We	 extended	 our	 旭inear	 mode旭s	 to	 exp旭ore	 adaptation	 a旭ong	 two	
types	of	non旭inear	gradientr
1. Steepening gradient: a	 sigmoid	 rather	 than	 旭inear	 gradient	 in	
se旭ective	 optimump	 wherep	 the	 optimum	 phenotypic	 va旭ue	
changes	 with	 the	 cube	 of	 distance	 from	 the	 centre	 of	 the	
simu旭ated	 ranges	 Herep	 the	 uniform	 gradient	 in	 the	 phenotypic	
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2. Flat-linear gradient: a	 uniform	 gradient	 of	 steepness	 b = 0.004 
ｪisesp	 identica旭	 to	 the	steepness	of	 旭inear	gradient	used	by	Brid旭e	
et	 a旭sp	 ゴグゲグｫp	 which	 is	 interrupted	 by	 a	 centra旭	 f旭at	 portion	
ｪb	 ┎	 グｫ	 of	 width	 ｪwｫs
For	ｪゲｫp	we	exp旭ored	the	effect	of	various	parameter	combinations	
on	the	critica旭	gradientp	defined	as	the	point	at	which	the	intrinsic	rate	









ザsゲ科|科Co旭onization and 旭oca旭 adaptation a旭ong 旭inear 
ecological gradients














旭ow	 re旭ative	 to	 the	gradient	 in	 the	optimums	The	process	of	 range	
co旭旭apse	from	a	perfect旭y	adapted	start	 in	this	region	of	parameter	
space	can	take	more	than	ゲグpグググ	generationss






et	 a旭sp	 ゴグゲグｫs	 Po旭echov史	 and	Bartonｷs	 ｪゴグゲズｫ	 ana旭ytica旭	 predictions	
suggest	that	旭imited	adaptation	shou旭d	be	stab旭e	for	a	sma旭旭	region	of	
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parameter	spaces	Howeverp	we	do	not	detect	such	a	region	of	param-
eter	space	in	our	simu旭ationss










ｪFigure	 ゴapbp	 respective旭yｫp	 the	 starting	 popu旭ation	 is	we旭旭	 adapted	
to	the	centra旭	part	of	the	rangep	and	so	shou旭d	quick旭y	co旭onize	and	
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expand	throughout	the	sha旭旭ow	or	f旭atp	centra旭	portions	Howeverp	for	










ザsゴsゲ科|科Co旭onization and adaptation a旭ong 
steepening gradients
As	 seen	 a旭ong	 旭inear	 gradients	 ｪBrid旭e	 et	 a旭sp	 ゴグゲグq	 Figure	 ゲｫp	 the	
critica旭	gradient	at	which	adaptation	fai旭s	 increases	as	tota旭	disper-
sa旭	decreases	and	as	popu旭ation	density	ｪdetermined	by	the	carrying	
capacityp	Kｫ	 becomes	greater	 ｪFigure	ザaｫs	 The	va旭ue	of	 this	 critica旭	
gradient	 does	 not	 differ	 when	 popu旭ations	 co旭onise	 the	centre	 of	
the	 patch	and	 spread	 as	 they	 adaptp	 compared	 to	 when	 they	 are	





a旭though	 the	 quantitative	 mismatch	 tends	 to	 increase	 with	 旭ower	
carrying	capacity	ｪKｫs




ruption	 of	 an	 otherwise	 旭inear	 gradientｫs	 These	 simu旭ations	 show	
that	a	remarkab旭y	sma旭旭	f旭at	centra旭	portion	ｪwｫ	consistent旭y	prevents	
adaptation	from	co旭onization	for	up	to	ゲグpグググ	generations	for	wide	
regions	 of	 parameter	 space	 ｪFigure	 ジｫp	 particu旭ar旭y	where	 carrying	
capacityp	Kp	 is	highs	For	examp旭ep	with	dispersa旭	TD	┎	芦ズグp	carrying	






The	 constraining	 effect	 of	 interrupting	 the	 eco旭ogica旭	 gradient	
is	 reduced	 at	 旭ower	 va旭ues	 of	 carrying	 capacity	 and	 dispersa旭s	 For	
examp旭ep	 at	K	┎	ゼp	TD	┎	ズググ	 ｪFigure	ジq	 top	pane旭ｫ	 the	width	of	 the	
f旭at	 portion	 needs	 to	 be	 about	w	┎	ゴpグググ	 units	 to	 prevent	 spread	
from	the	range	centre	ｪisesp	four	times	the	mean	dispersa旭	distanceｫs	
By	 contrastp	 at	 K	┎	ゲゴp	 adaptation	 from	 the	 f旭at	 centre	 is	 consis-
tent旭y	prevented	even	when	its	width	is	宛	of	the	dispersa旭	distance	
ｪesgsp	at	TD芦ズグ	and	Kゴズp	a	centra旭	width	of	ゴググ	typica旭旭y	prevents	
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neither	side	in	the	time	avai旭ab旭e	for	each	simu旭ation	ｪtypica旭旭y	ザpグググ	
generationsｫs
Note	 that	 a旭though	 a	 remarkab旭y	 sma旭旭	 interruption	 to	 the	 旭in-
ear	 gradient	 can	 prevent	 旭oca旭	 adaptation	 from	 the	 centrep	 it	 a旭so	
prevents	extinctions	Even	when	dispersa旭	is	highp	the	centra旭	portion	
remains	 occupied	when	 additiona旭	 simu旭ations	were	 conducted	 at	
dispersa旭	distances	that	wou旭d	cause	rapid	extinction	everywhere	in	
旭inear	mode旭s	ｪFigure	ゲaｫs	Centra旭	popu旭ation	density	can	a旭so	rise	to	















Dispersal 500, Carrying capacity 7





























































Dispersal 700, Carrying capacity 12



























































































Dispersal 725, Carrying capacity 12



























































































Dispersal 825, Carrying capacity 25



























































































Dispersal 850, Carrying capacity 25































































































ザsザ科|科Comparing co旭onization versus persistence 
a旭ong a f旭at､旭inear gradient
Popu旭ations	 remain	 fu旭旭y	 adapted	 for	 at	 旭east	 ザpグググ	 generations	 if	
they	are	started	from	a	perfect旭y	adapted	popu旭ationp	even	for	pa-
rameter	combinations	that	fai旭	to	spread	from	co旭onizations	Where	
these	 perfect旭y	 adapted	 runs	 are	 a旭旭owed	 to	 continue	 for	 up	 to	
ゲグpグググ	generationsp	popu旭ations	sometimes	fragment	at	the	edges	




adaptation	 from	 co旭onizationp	 it	on旭y	 rare旭y	 causes	 range	 co旭旭apse	
when	popu旭ations	are	initia旭旭y	fu旭旭y	adapted	to	the	entire	gradients
Simu旭ations	of	f旭at､旭inear	gradients	from	perfect旭y	adapted	start	
a旭旭ow	 exp旭oration	 of	 the	 reasons	 why	popu旭ations	 fai旭	adapt	 from	

































































































































(a) K = 7; TD = 500; w = 2000
 
(b) K = 12; TD = 500; w = 2000
(c) K = 25; TD = 825; w = 250
(d) K = 25; TD = 850; w = 250 








































































compared	 with	 Figure	 ジ	 top	 pane旭ｫs	 Howeverp	 the	 density	 trough	
generated	by	the	stepped	gradient	becomes	very	marked	when	the	











We	 have	 extended	 our	 individua旭､based	 simu旭ations	 ｪBrid旭e	 et	 a旭sp	
ゴグゲグｫ	to	inc旭ude	tests	of	the	stabi旭ity	of	popu旭ations	that	are	a旭ready	




ca旭	 gradientss	We	 have	 a旭so	 determined	 the	 parameter	 conditions	
that	cause	ma旭adaptation	a旭ong	two	forms	of	non旭inear	gradientp	and	
compared	 resu旭ts	 for	one	of	 these	 to	 the	ana旭ytica旭	predictions	of	
Po旭echov史	and	Barton	 ｪゴグゲズｫs	Be旭owp	we	discuss	these	resu旭ts	and	
consider	 their	 imp旭ications	 for	 practica旭	 interventions	 to	 increase	
evo旭utionary	potentia旭	in	popu旭ations	and	therefore	the	resi旭ience	of	
eco旭ogica旭	communities	to	environmenta旭	changes
ジsゲ科|科Adaptation a旭ong 旭inear gradients
Simu旭ations	that	begin	from	a	perfect旭y	adapted	state	rapid旭y	ｪtypi-
ca旭旭y	within	 ズググ	 generationsｫ	 co旭旭apse	 in	 a旭most	 a旭旭	 the	 parameter	
combinations	that	showed	wextinctionx	behaviour	from	a	co旭onizing	
start	ｪFigure	ゲaｫs	Simi旭ar旭yp	perfect旭y	adapted	popu旭ations	were	sta-
b旭e	 in	parameter	 space	 that	previous旭y	generated	 wfu旭旭	 adaptationx	
behaviour	 ｪBrid旭e	et	a旭sp	ゴグゲグｫs	Perfect旭y	adapted	popu旭ations	 took	
旭onger	to	fragment	and	co旭旭apse	c旭ose	to	boundary	conditionsp	and	
on旭y	 co旭旭apsed	 after	ゲグpグググ	generations	 for	 the	 旭arge	 carrying	 ca-
pacityp	 high	 dispersa旭	 parameter	 combinations	 that	 characterized	
the	ｪsma旭旭ｫ	region	of	w旭imited	adaptationx	parameter	space	from	co旭-
onizations	 In	 this	 regionp	 popu旭ations	 a旭ways	 ｪeventua旭旭yｫ	 co旭旭apsed	
throughout	their	rangep	rather	than	forming	the	旭ong､旭ived	but	finite	
speciesv	ranges	observed	in	Brid旭e	et	a旭s	ｪゴグゲグｫs	This	resu旭t	contrasts	
with	Po旭echov史	and	Barton	 ｪゴグゲズｫp	who	observe	a	 sma旭旭	 region	of	
parameter	space	that	generates	stab旭ep	finite	rangess	Our	resu旭t	sug-
gests	that	in	our	co旭onizing	simu旭ationsp	finite	ranges	ｪw旭imited	adap-









point	 by	 migration	 旭oad	 ｪBrid旭e	 et	 a旭sp	 ゴグゲグq	 Po旭echov史	 ｹ	 Bartonp	
ゴグゲズｫs	 Even	 with	 stochastic	 effects	 on	 a旭旭e旭e	 frequency	 and	 de-
mographyp	 旭inear	eco旭ogica旭	 gradients	cannot	easi旭y	exp旭ain	 旭imited	
ranges	in	natures










after	 se旭ection	 had	 occurreds	 Howeverp	 according	 to	 Fe旭senstein	
ｪゲゾゼ葦ｫp	旭inkage	disequi旭ibrium	shou旭d	return	a旭most	to	zero	fo旭旭owing	
se旭ectionp	meaning	 that	 this	effect	 cannot	exp旭ain	our	higher	 than	
expected	旭eve旭s	of	genetic	variations








predictions	 in	Figure	ゲbｫs	This	effect	of	 increased	dimensiona旭ity	 is	
therefore	in	the	wrong	direction	to	exp旭ain	the	discrepancy	between	
our	simu旭ations	and	Po旭echov史	and	Barton	ｪゴグゲズｫp	meaning	that	the	
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beyond	the	旭ess､rapid旭y	changing	centre	of	the	ranges	As	abovep	for	
steepening	gradientsp	the	behaviour	of	our	simu旭ations	from	perfect	
start	 ｪFigure	 ザbｫ	 is	 equiva旭ent	 to	 that	 observed	 from	 co旭onization	
ｪBrid旭e	et	a旭sp	ゴグゲグｫp	even	when	simu旭ations	are	run	for	up	to	ゲグpグググ	
generationss	 Againp	 this	 resu旭t	 indicates	 that	 the	 fai旭ure	 to	 adapt	
ｪor	to	maintain	an	adapted	stateｫ	at	eco旭ogica旭	margins	resu旭ts	from	










Figure	ザa	 shows	 the	match	of	our	 steepening	gradient	 simu旭a-
tion	outcomes	to	the	Po旭echov史	and	Barton	ｪゴグゲズｫ	one､dimensiona旭	
critica旭	gradient	predictions	As	with	旭inear	gradientsp	our	simu旭ations	
show	 a	 qua旭itative	matchp	 in	 that	 higher	 popu旭ation	 densities	 and	
reduced	dispersa旭	a旭旭ow	the	popu旭ation	trait	mean	to	track	steeper	
















ジsザ科|科Adaptation a旭ong f旭at､旭inear 
(interrupted) gradients
In	contrast	 to	 the	gradients	exp旭ored	abovep	 stochastic	popu旭ation	
processes	 during	 expansion	 consistent旭y	 prevent	 旭oca旭	 adaptation	
a旭ong	 旭inear	gradients	 that	are	 winterruptedx	by	a	 region	of	habitat	
where	 the	 required	 trait	mean	 does	 not	 changes	Within	 these	 re-
gionsp	gene	f旭ow	does	not	inf旭ate	genetic	variance	ｪor	create	stand-
ing	旭oadｫp	generating	densities	around	the	patch	centre	that	a旭most	
match	 the	 旭oca旭	 carrying	 capacity	 ｪFigure	 ゴbｫs	 In	 turnp	 this	 gener-
ates	 strong	asymmetrica旭	 gene	 f旭ow	outward	 from	 the	centre	 that	





Spread	 from	 co旭onization	 can	 be	 prevented	 by	 a	 remarkab旭y	
sma旭旭	interruption	 to	 an	 eco旭ogica旭	 gradientp	 even	 for	 as	 旭ong	 as	
ゲグpグググ	generations	ｪFigure	ジｫs	Howeverp	when	run	from	a	perfect旭y	
adapted	 startp	 these	 popu旭ations	 remain	 stab旭e	 for	 up	 to	 ゲグpグググ	





provide	 stab旭e	 patches	 for	 popu旭ation	 persistencep	 whi旭e	 prevent-
ing	 旭oca旭	adaptation	at	 their	edges	 for	a	wider	 range	of	conditions	
than	 旭inear	 gradientss	 These	 simu旭ations	 therefore	 predict	 ｪsome-
what	counter､intuitive旭yｫ	that	improved	conditions	at	the	centre	of	a	
patchp	or	a	region	where	the	eco旭ogica旭	gradient	becomes	sha旭旭ower	





旭inear	 gradients	 Instead	 of	 faci旭itating	 niche	 expansionp	 adaptation	
a旭ong	 a	 f旭at､旭inear	 eco旭ogica旭	 gradient	 is	 apparent旭y	 more	 difficu旭t	
at	 higher	 carrying	 capacitiess	 For	 examp旭ep	 at	K	┎	ゼp	with	dispersa旭	
TD	┎	ズググp	 the	width	of	 the	f旭at	portion	needs	to	be	at	 旭east	ゲpゴズグ	
units	 to	 prevent	 spread	 from	 the	 range	 centre	 ｪisesp	 ゴsズ	 times	 the	
mean	dispersa旭	distanceｫ	 ｪFigure	ジp	 top	pane旭ｫs	By	contrastp	 at	 car-
rying	capacity	K	┎	ゴズ	and	dispersa旭	TD	┎	芦ズグp	a	f旭at	centre	of	width	
on旭y	ゲググ	units	ｪisesp	cs	ゲ｠芦	mean	dispersa旭ｫ	prevents	expansion	across	
the	 entire	 range	 from	 a	 co旭onizing	 start	 ｪFigure	 ジp	 bottom	 pane旭ｫs	
This	is	despite	the	fact	that	perfect旭y	adapted	runs	are	stab旭e	at	both	
these	 parameter	 conditionss	 This	 contrasting	 effect	 of	 stochastic	
processes	 may	 be	 because	 a	 greater	 and	 more	 consistent	 differ-
ence	 in	 density	 from	 the	 centre	 to	 the	 edge	 is	 achieved	 at	 higher	




by	weakening	 the	 swamping	 effects	 caused	 by	 the	 旭oca旭	 inf旭ation	
of	genetic	variance	by	dispersa旭p	and	consequent	increase	in	stand-
ing	 旭oads	Abrupt	changes	a旭ong	eco旭ogica旭	gradients	 ｪisesp	at	habitat	
patch	 edgesｫp	 therefore	 seem	 high旭y	 effective	 in	 preventing	 adap-
tations	This	 is	 true	even	for	patches	that	are	sma旭旭	 re旭ative	to	 tota旭	






The	 predictions	 for	 steepening	 gradients	 from	 Po旭echov史	 and	
Barton	 ｪゴグゲズｫ	 cannot	 be	 app旭ied	 direct旭y	 to	 the	 f旭at､旭inear	 gradi-
entsp	because	 these	estimate	critica旭	gradients	based	on	a	smooth	
ゲジ葦グ科 |科 科架 BRIDLE ET AL.
increase	in	the	rate	of	environmenta旭	changep	not	on	the	effects	of	
abrupt	changes	in	gradients
ジsジ科|科Re旭evance of 旭oca旭 adaptation in patches to 
global range dynamics
The	types	of	gradient	mode旭旭ed	here	are	more	旭ike旭y	to	ref旭ect	旭oca旭	
patch	 dynamics	 than	 g旭oba旭	 range	 dynamicss	 Popu旭ations	 within	
patches	may	adapt	to	旭oca旭	conditions	but	be	trapped	by	steepening	
gradients	as	 they	expand	away	 from	the	centres	Patches	may	a旭so	






u旭ation	 genetic	mode旭s	 of	 adaptation	 a旭ong	 uniform	 gradients	 and	











be	 co旭onized	 successfu旭旭y	 if	 a	 nearby	 patch	 has	 sufficient	 genetic	
variation	 to	host	 phenotypes	 sufficient旭y	 c旭ose	 to	 the	 optimum	 to	
co旭onize	the	new	patchs
ジsズ科|科Empirica旭 tests of these mode旭s
An	important	prediction	of	our	simu旭ations	and	those	of	Po旭echov史	
and	 Barton	 ｪゴグゲズｫp	 and	 Po旭echov史	 ｪゴグゲ芦ｫ	 is	 that	 we	 shou旭d	 ob-
serve	 re旭ative旭y	 旭itt旭e	ma旭adaptation	 across	 a	 speciesv	 geographi-
ca旭	 ranges	 Insteadp	 the	genetic	 variation	generated	by	 gene	 f旭ow	
shou旭d	 a旭旭ow	 a	 popu旭ation	 to	 track	 the	 旭oca旭	 trait	 optima	 effec-
tive旭y	 ｪesgsp	 Fitzpatrick	ｹ	Reidp	 ゴグゲゾｫ	 unti旭	 some	 critica旭	 gradient	
is	 reached	where	 the	 popu旭ation	 co旭旭apsesp	 generating	 either	 an	
abrupt	edge	in	the	case	of	a	non旭inear	gradientp	or	extinction	eve-
rywhere	a旭ong	a	 旭inear	gradients	Standing	 旭oad	 ｪand	genetic	vari-
anceｫ	shou旭d	therefore	increase	ｪand	旭oca旭	density	dec旭ineｫ	as	the	
margin	 is	 approachedp	 even	 though	 the	 trait	 mean	matches	 the	
optimums	 Howeverp	 because	 the	 popu旭ation	 density	 wi旭旭	 be	 旭ow	
where	variance	causes	popu旭ation	co旭旭apsep	empirica旭	estimates	of	












旭inear	 gradients	 have	 contrasting	 effects	 depending	 on	 how	 and	
where	 the	 gradient	 changess	 A旭ong	 steepening	 gradientsp	 increas-
ing	carrying	capacity	 increases	the	critica旭	gradient	at	which	adap-




ity	makes	niche	expansion	more	 旭ike旭yp	apparent旭y	by	 reducing	 the	
strength	and	consistency	of	the	density	gradient	ｪand	swamping	ef-
fectｫ	generated	by	the	abrupt	change	in	the	eco旭ogica旭	gradients
ジs葦科|科Maximizing evo旭utionary responses in natura旭 
populations
Our	simu旭ationsp	and	simi旭ar	mode旭sp	make	important	simp旭ifying	as-




where	 interactions	 occur	 between	 a旭旭e旭es	 from	 different	 species	
ｪesgsp	Svensson	ｹ	Conna旭旭onp	ゴグゲゾｫp	or	where	behavioura旭	responses	










旭ogica旭	 and	 genetic	 parameters	 necessary	 to	 predict	 where	 range	
margins	might	occurs	Neverthe旭essp	our	simu旭ations	do	suggest	some	
princip旭es	 for	 managing	 popu旭ations	 to	 maximize	 their	 evo旭ution-




marginsp	 compromising	 the	persistence	of	a	popu旭ation	 in	a	patchp	















Thereforep	for	 both	 f旭at､旭inear	 and	 steepening	 gradientsp	 improving	
the	marginp	even	if	 it	cannot	be	brought	to	the	same	qua旭ity	as	the	
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